The requirement for transcription during development of the stalked bacterium, Caulobacter crescentus, was studied with synchronous cultures of swarmer cells. The developmental pattern in these bacteria was first established by determination of the times at which specific changes in cell structure and function occurred. These changes could be divided into those characteristic of (a) development of the swarmer cell into the stalked cell: loss of motility and synthesis of the stalk, and (b) development of the stalked cell into the asymmetric dividing cell: chromosome replication, synthesis of the flagellum, motility, and division. The effect of rifampin in blocking several of these steps-loss of motility, initiation of chromosome replication, and cell division-indicates that RNA synthesis is required throughout the cell cycle for normal differentiation.
A central question in developmental biology is how cell differentiation is controlled on the molecular level. There is general agreement that characteristic differentiated states are the result of selective gene expression, and studies of transcription and translation in Escherichia coli and its phages have furnished some plausible mechanisms by which this might occur. Other bacterial systems have also attracted some interest as developmental models, and I report here experiments that explore the role of transcription in the control of cell differentiation in one of these, the stalked bacterium Caulobacter crescentus. The findings serve to order a number of discrete developmental steps that take place during the life cycle of this organism, and they indicate that transcription is required throughout the cycle for normal development.
The life cycle of C. crescentus has been reviewed by Poindexter (1) and, more recently, by Shapiro, Agabian-Keshishian, and Bendis (2) . Perhaps the most striking and characteristic feature to emerge from earlier studies of this bacterium (1, 3, 4) is what may be called the polarity of development. As pictured in Fig. 1 , the stalked form of C. crescentus (A) develops into a dividing cell (B) by the synthesis of the basal membrane, flagellum, and holdfast at the pole opposite the stalk; at division, these newly-synthesized structures become part of the progeny swarmer cell (C). The stalked cell that is also produced at division behaves much like a stem cell; it continues to divide and produce swarmer cells. The motile swarmer cell cannot divide, however, until a stalk is elaborated from the point of holdfast and flagellum attachment (4, 5) . This cell then proceeds to divide by the same growth pattern described above for the stalked cell produced at division. Thus, growth of these bacteria is actually described by two cell cycles; the first in which a stalked cell 447
Life cycle of C. crescentus. In the stalked cell (A) the holdfast is located at the tip of the stalk and the basal membrane is located at the base of the stalk. In the swarmer cell (C) and the dividing cell (B) a holdfast and a basal membrane are located near the base of the flagellum.
repeatedly divides to produce the stalked cell and a new swarmer cell, and the second, longer cycle in which the swarmer cell first develops into a stalked cell before forming the asymmetric dividing cell (Fig. 1) .
The swarmer cell cycle was selected for study since it appears to display all of the developmental changes characteristic of C. crescentus (Fig. 1 
MATERIALS AND METHODS
Cultures of C. crescentus, strain Cbl5 (ATCC 19089) were grown in minimal salts medium (1), which contained 0.2% glucose as the carbon source. Synchronous swarmer cells were collected*; after overnight growth of cultures in a 125-mm glass petri plate, all cells not adhering to the bottom of the plate (via holdfast attachment) were removed by repeated washes of the plate with preconditioned culture medium. Several minutes after the addition of preconditioned medium, the only free cells found were swarmers that had been released after division of attached stalked cells. These swarmer cells were routinely harvested in a volume of 25 ml after 10 min of incubation.
Motility was assayed by a method that estimates the rate at which C. crescentus cells stick to glass by the holdfast. Although all cell types have a holdfast (see Fig. 1 Synchronous swarmer cells were collected as described (Methods), and at the times indicated (@) 2,gg/ml of rifampin was added to aliquots taken from this culture. Cell number in the control culture (0) was determined at the time indicated; the final cell number,in rifampin-treated cultures at 240 and 260 min was measured and the average value (0) was plotted at the time of rifampin addition. Particle counts were determined on a Coulter model B Counter.
rifampin to an exponentially growing culture, incorporation of the radioactive precursor into RNA had stopped and decay of the unstable messenger fraction had begun (Fig. 2) . The stable fraction of labeled RNA presumably represents ribosomal RNA and tRNA species.
Cell Division. Synchronous cultures of swarmer cells were examined first for the timing of division to determine the length of the developmental cycle to be studied. The cells were obtained by collection of newly-divided swarmer cells by the plate technique. The synchrony of cells obtained by this method during a 10-min collection is illustrated by the doubling in particle counts at 180 min (Fig. 3) . The 50% increase in cell number at 300 min is attributed to division of the stalked cells produced at 180 min; the final synchronous wave of division at about 360 min would then correspond to the division of the swarmer cells also produced at 180 min. A division time of about 180 min for swarmer cells and 120 min for stalked cells in minimal glucose medium is consistent with the scheme presented in Fig. 1 , and with the original observation that swarmer cells take longer to divide than stalked cells (1, 3) .
The requirement for RNA synthesis for division was tested by addition of rifampin to aliquots taken from a synchronous culture at various times during the cell cycle, and by measurement of the cell number at a time when division had already taken place in the control culture. Fig. 4 shows the control curve for division and the final cell number (plotted at the time of rifampin addition) attained in the treated cultures. Although cell division in this particular experiment did not take place until about 190 min, it is apparent that RNA synthesis was needed up to the last 10-20 min before division, or strictly speaking, the last 10-20 min before cell separation.
Motility. One of the first functional changes to take place during development of the swarmer cell is loss of motility. The time of this transition in C. crescentus was estimated at 40-45 min by a new assay technique. This method depends upon the tendency of swarmer cells to collide and stick more frequently to glass surfaces than of nonmotile cells (Methods). As shown in Fig. 3 , after the initial loss of motility the cells did not again regain motility until 170-180 min, i.e., the time of cell division. This finding is interesting in light of the preliminary observation (Roach and Newton, unpublished) that flagella can be detected on dividing cells as early as 120-140 min, or some 40-60 min before they are activated.
The effect of rifampin on loss of motility (Fig. 5) suggests that RNA synthesis is required very early in the cycle for inactivation of flagella. When the inhibitor was added during the first 0-12 min of incubation, the period of cell motility was significantly extended, but when it was added at 15 min, the loss of motility was only partially blocked. Although the cultures treated after 15 min lost motility at the expected time, they did not undergo stalk formation and cell division (see Fig. 4 and below) . Thus, it appears that developmental changes leading to the loss of motility are dependent upon RNA synthesis and are "determined" well before the transition takes place, while those leading to stalk information and subsequent steps must depend, at least in part, upon RNA synthesized at later periods in the cycle.
Stalk Formation. The stalk of C. crescentus was not visible until after most of the cells had lost motility (Fig. 3) . Stalked cells were detected at about 60 min in cultures treated with Gray's stain. The longer time required for division of the swarmer cell is accounted for by the period needed for stalk formation and, as shown in Fig. 1 , this transition marks the end of the first phase of development in the swarmer cell cycle.
Chromosome Replication. The DNA cycle is one of the most characteristic biochemical parameters of development in C. crescentus, and it can be followed by the accumulation of tritiated precursors into the DNA of synchronous cells. This type of experiment (Fig. 6) showed that chromosome synthesis was not initiated in swarmer cells for about 60-65 min.
This presynthetic gap (Gi) was followed by a period of replication (S) of 85-90 min and a second, postsynthetic gap (G2) of 30 min. Pulse-labeling experiments* have confirmed this G1-S-G2 pattern in the swarmer cell cycle. They have (Fig; 6) . When RNA synthesis was inhibited at the time of initiation (60 min), relatively little DNA synthesis was observed; DNA synthesis was also blocked when rifampin was added at 0 or 20 min (not shown). When RNA synthesis was stopped at 120 min, however, chromosome replication continued but initiation of the next round did not occur. The failure of replication in rifampin-treated cultures to reach the same final extent observed in the control culture after completion of the first-round of replication has been observed in other experiments.
DISCUSSION
The results outlined above and summarized in Table 1 show that the development of C. crescentus can be defined by a sequence of discrete functional and structural changes. The results also indicate that RNA synthesis is required throughout most of the cycle for normal cell differentiation. The strong implication of these findings is that development in Caulobacter is controlled, in part, by differential gene expression at the level of transcription. One example of transcriptional control in bacteria is in Bacillus sbtilis, where the synthesis of ribosomal RNA is shut off during sporulation (10) . This change in the pattern of transcription is presumably due to an alteration in the RNA polymerase (11) . The differential control of transcription during development was also suggested by work on the eukaryotic slimie mold, Dictyo8telium dicoideum (see ref. 12) . It was found that inhibition of RNA synthesis by actinomycin D prevented synthesis of specified enzymes and blocked development at certain stages, depending, upon the time of exposure to the drug.
The requirement for transcription in the development of C. crescentus did not always coincide with the time of the step itself (Table 1) . Swarmer cells normally lost motility at 40-45 min, but this step was blocked only when rifampin was added during the first 12-15 min of incubation (Fig. 5) ; inhibition of RNA synthesis after that period did not significantly alter the time at which this change occurred. This finding could be explained if transcription early in the cycle were required for the synthesis of proteins (enzymes or structural proteins) whose effect on motility was only expressed later, perhaps as a result of structural changes at the point of stalk formation. It is also possible, however, that in addition to the transcriptional mechanisms just proposed to control development in these cells, translational or other post-transcriptional mechanisms of regulation are involved.
Study of these regulatory mechanisms is facilitated in C. crescentus because the developmental steps are so well defined ( Table 1 ). The changes can be divided into (a) those that occur during the development of the swarmer cell into the stalked cell: loss of motility and synthesis of the stalk, and (b) those that occur during development of the stalked cell into the dividing cell: chromosome replication, synthesis of the Figs. 3 (2) . Although these results were obtained with strains growing in complex medium, the approximate times at which the transition should occur under the present conditions can be estimated (Table 1) .
The clear distinction between the functions in the two cell types is perhaps best illustrated by a comparison of the DNA cycles in the swarmer and stalked cells. Both the present results with swarmer cells (Fig. 6 ) and the previous results with swarmer and stalked cells* show that chromosome replication is confined to the stalked cell form (Fig. 7) . Thus, DNA synthesis is initiated at the time of division in the stalked cell, but initiation is delayed in the sibling swarmer cell for about 60-65 min, or the time required for stalked cell development. Study of how the initiation of chromosome replication is differentially controlled in the two progeny cells should provide a useful approach to the determination of how two inherently different developmental sequences are programmed into swarmer and stalked cells.
The only contradiction to the above scheme for DNA synthesis is a report by Agabian-Keshishian, Sun, and Shapiro (13) that DNA is synthesized continuously during the cell cycle in C. crescentus. We have no explanation for these findings; all of our controls indicate that the gaps detected in the incorporation of DNA precursors reflect true gaps in chromosome replication and not, for example, artifacts of permeability to the labeled compounds used*.
In summary, the development of C. crescentus can be described by discrete morphological, functional, and biochemical changes; all of the steps thus far examined are blocked by rifampin in a manner that suggests a specific requirement for RNA synthesis at a characteristic time in the cell cycle.
Comparison of the species of RNA synthesized in vivo and in vitro at different stages of development should show whether, as indicated by the above results, changes in the specificity of transcription does occur during the cell cycle and to what extent the developmental sequence in C. crescentus is controlled by this mechanism.
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